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Typical components subjected to irradiation
(LHC, EUROnu, ITER)

State of the art in radiation induced damage
Evolution of radiation induced damage under
mechanical loads

Example of lifetime estimation for irradiated
components

Specific coupled fields problems
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NbTi, Nb,Sn,
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The main task of the research

Task
We need to determine the lifetime of
irradiated components, subjected to
periodic thermo-mechanical loads in the
course of their service

Method
Well calibrated constitutive model of
micro-damage evolution in the irradiated
components
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Central Solenoid
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é State of art

State of the art in radiation
iInduced damage
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© irradiation induced defects in the lattice |

Displacement cascade and
formation of Frenkel pairs

l

Kinchin & Pease, 1955
PKA primary knock-on l

atoms Norgett, Robinson,
Torrens, 1975
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Non-lonizing Energy Loss
NIEL
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NIEL profile for copper irradiated
by hydrogen 30MeV ions

Number of Frenkel defects
created by a cascade as a
function of kinetic energy of
primary knock-on atoms

Source: D.J. Bacon, F. Gao, Yu.N.

Osetsky, JNM 276, 2000
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Transverse View

Cluster

of micro-voids =

SRIM

(Monte-Carlo method)

8800 A

irradiating
particle

o interstitials
C vacances

o |attice
atoms

P O

Defects due to irradiation:
SFT - stacking fault tetrahedron
Faulted or perfect dislocation loops
Voids — 3D vacancy clusters
Cavities — 3D vacancy clusters with
impurities (He)
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Defect Cluster Density (m-3)

© irradiated metals and alloys: Copper

COMPARISON OF DEFECT CLUSTER ACCUMULATION
IN NEUTRON-IRRADIATED NICKEL AND COPPER
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Measured Average Image Width of Defect
Clusters in Neutron and lon-Irradiated Copper

Mean Defect Diameter (nm)
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interstitial cluster

Dose [dpa]

(for Al, after Verbiest and Pattyn, 1982)
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Much smaller recombination ratio at extremely low temperatures!

The fraction of surviving defects in the proximity of absolute zero is 3 times

higher than at room temperature
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é Experiments ﬁ]

Evolution of radiation induced
damage under mechanical
loads: experiments



&
Research programme

Experiments including neutron irradiated samples
subjected to multiple loading/unloading technique

!

Building well calibrated multi-scale 3D constitutive
models of damage evolution in the irradiated
components in the framework of CDM

!

Combining CDM with fracture mechanics in order to
predict transition from critical damage to fracture

!

Computing evolution of nano/micro damage fields and
macro-crack propagation in the irradiated components

Lifetime prediction
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é Examples ‘ﬁﬁ]

Example of lifetime estimation
for irradiated components
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Secondary particles flux:
v, n, pt+, n+ and e+

p— ! secondary particles flux
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Kinetics of evolution of radiation induced micro-damage (clusters of voids)
under mechanical loads

é Kinetics of clusters evolution

Rice&Tracey (R-T) model: dr =7ro. exp 3Gm dp
C cCr 20
eq
. 2 .,.
Gurson (ETG) model: a’é‘ — (1 — f)dp P = \/§ 8585
D, A y

s Lo

ETG model

N
R-T model
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Porosity parameter & increases from cycle to cycle by
&, due to emission of secondary particles flux
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& =1-(1-&)K =1+ K -K

E=1-(1-& -&)K=1+EK+EK* —K? Numt?er Qf cycles to failure N, is based on
the criterion &,=¢,

7

E=1-(1-& - &E)K =1+ E K+ EK? + £ K - K°

1.00E+10 ;
_ 2 3 4 4 | S
G4 =1+ G K+ K™ + 5 K™ + 5 K" —K 1L00E+09. e
- | I \\
- ; 1.00E+08 - ; L 2
. ‘ i \
éi = (1—Kl)+ (:OZKn 1.00E+07 ; - \
n=l 1.00E+06 | |
_ 2 3 4 N Nlwn, | : :
En =K +E K™ + G K™ + 5o K™ +...+5 K™ —K .
Geom;rric series 1
1.00E+04
N |
&NZ(I_KN)'FaOZKN 1.00E+03 |
n=1 |
1.00E+02 ;
1-k"
SN — F:OK 1.00E+01 |
1-K
1.00E+00 ‘
1 KN 1.00E-15 1.00E-13 1.00E-11 1.00E-09 1.00E-07 1.00E-05 1.00E-03 1.00E-01
— N
En =1+EK ————K dps
m Mechanical loads have significant impact below dpa=~10-
1-K N
&.’N:1+§0K -K :&.vcr
— K Workshop RESMM'14




S

micro-voids
micro-cracs

anisotropic

| Bd X4

Postulate: both micro-damage components are

RVE

& ClUSEErS

treated in additive way

D =D + jz dD radiation induced
r r0 ) rm damage
DI"
l=)r 3 £ 1sotropic

I - identity tensor

D=D +D =D +-D,I

1
3
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© Kinetics of mechanically induced micro-damage

0.45 RVE
0.4
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Chaboche, 1988 Lemaitre, 1992 Garion, Skoczen, Int. J. Dam. Mech., 2003
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@ Isotropic versus anisotropic model

Isotropic model

| Anisotropic model

Helmholtz free enerqgy

2p=

T:—Lg%QO—Dy
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p 2—'

o=(1-D)s

Effective stress

Conjugate force associated to damage

o 1 .
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Potential of dissipation associated to irreversible damage process
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Kinetic law of damage evolution
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€ Performance of Rice-Tracey and Gurson models (log-log) 1PIC
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Rice & Tracey model predicts lower values
different sensitivity of both models of damage
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Rice & Tracey model - Gurson model
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é Examples

Specific coupled field
problems
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é Kinetics of y—a’ phase transformation

Volume fraction of martensite
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@ Stress-strain curves for irradiated samples P

Engineering stress, MPa

Engineering stress, MPa
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Currently available
information is insufficient!

Source: S.J. Zinkle ,,Mechanical property changes in metals due to
irradiation”, Italy, 2004. Workshop RESMM'14
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é Type Eshelby entities: clusters of voids, o’ inclusions PIK

3D vacancy clusters: ¢,

3D vacancy cluster with
impurities (He): ¢,

Inclusions of secondary
phase: ¢,




© Hardening of irradiated metals and alloys

Defects due to irradiation:
1. SFT - stacking fault tetrahedron

3. Voids - 3D vacancy clusters
4. Cavities — 3D vacancy clusters with
impurities (He)

Interaction of dislocations with clusters of defects

austenite

&7

T:F'
LS
1

I ™

Type Eshelby inclusions (J.D. Eshelby, Proc.

martensita

/

pazzing dizlocation

-

Royal Soc. London, 1957):

@i>|
V3 v

/
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Interaction of dislocations with clusters and o’
inclusions

(/m / Clusters and
inclusions

dislocation

—,u—[lnd +/
o[
4 dVv,
gc:chﬂ-(r‘c)3 ga:d_; — §:§c+§a

%:Gb(ﬁfoﬂnﬂ] — |0X =2C ek’
d\ & 3¢, —

Skoczen; Int. J. Sol. Struct. 2007 Workshop RESMM™14
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Hardening caused by evolution of FCC(y)
stiffness of two-phase continuum -«— [ \E‘JFQ —
Elastic-plastic y lattice: '
—
n®n
E_ =3k, J+2,ua5 2u, —=—=— «— —
3u,
E =3k, J+2,uta5 Ao =E, :A¢g Acg=FE,:As
£ E EC \ l
= ! k = ! —
H 2(1+v) T 3(1-2v) & E+C — I
Ac =L, :A¢
o’ elastic inclusions: —
Linearization in the vicinity of current state (R.
E =3k J+2u, I_{ Hill, J. Mech. Phys. Solids 1965):
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é Application in UHV systems

Mechanically induced micro-damage fields Irradiation induced micro-damage fields

Damage [1DII

30 50 70 90 110 130 150
Force [kM]

Macro-crack initiation

319 MPa
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x 5000
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Conclusion

The constitutive model has to be
calibrated in order to achieve correct
performance and obtain reliable results
in terms of number of cycles to failure as
a function of dpa




